AND CONCLUSIONS 1. Outward currents were studied in isolation in heart motor neurons in the medicinal leech, using the single-electrode voltageclamp technique. The currents were divided into four distinct types on the basis of their time and voltage characteristics and sensitivity to external Ca2+ concentration.
1. Outward currents were studied in isolation in heart motor neurons in the medicinal leech, using the single-electrode voltageclamp technique. The currents were divided into four distinct types on the basis of their time and voltage characteristics and sensitivity to external Ca2+ concentration.
2. The four types were a fast transient current, IKA; a slow transient current, IK1 ; a noninactivating current, IK2, all measured in a bathing solution in which Co2' was substituted for Ca"' ; and a calcium-sensitive current, IKcCaj, which was revealed in a bathing solution containing normal levels of Ca2+.
3. The outward currents in heart motor neurons studied in different ganglia possessed differences of quality. For example, heart motor neurons from ganglia 3 or 4 had significantly less IK2 and Ik, than neurons recorded from more posterior ganglia. Heart motor neurons from ganglion 3 often had little or no Ik,. Soma input resistance, electrotonic length, and soma capacitance measured in heart motor neurons from both anterior and posterior ganglia exhibited no significant differences.
4. IKA started to activate near -45 mV with half-maximal activation at about -20 mV and was fully inactivated by 0 mV; IKI started to activate near -45 mV with half-maximal activation at about -10 mV and was not fully inactivated by 0 mV; IK2 started to activate near -50 mV; IKcCaj started to activate near -35 mV. The time constant of removal of inactivation for IKA was 25 ms, measured at -80 mV, and that for IKI was 380 ms, measured at -40 mV.
5. Tetraethylammonium acetate (TEA) allowed to diffuse from the inside of the recording microelectrode effectively blocked IKA, I KIY and IK2. Bath-applied TEA (25 mM) acted similarly but was less effective, particularly at blocking ltil. Bath-applied 4-aminopyridine effectively blocked the transient currents IKA and Zk,. A reversal potential of -65 mV was found for the outward currents, corresponding to a mix of Ik, and IK2.
I N 'I' IX 0 I> II <' 'I' I 0 N Blood flow in the leech Hirudo medicinalis is controlled by a set of identified heart interneurons and heart motor neurons (Thompson and Stent 1976a) . The heart motor neurons exhibit a characteristic pattern of electrical activity consisting of rhythmic bursts of action potentials interrupted by periods of inhibition (Calabrese 1977; Thompson and Stent 1976a) . The inhibition arises from heart interneurons that compose the heartbeat central pattern generator. If inhibitory chemical transmission is blocked by using bicuculline (Schmidt and Calabrese 1992) or low-chloride salines (Calabrese 1979) ) heart motor neurons become tonically active. These observations indicate that the heart interneurons set the burst frequency of and coordinate the heart motor neurons. Indirectly, therefore, the heart interneurons control the beat timing and coordination of the hearts (Calabrese and Peterson 1983; Thompson and Stent 1976b,c) . Because heart motor neurons are rhythmically active but are not part of the pattern generator that produces oscillation, they were chosen for study of their intrinsic membrane properties. These properties, when compared with those of the patterngenerating interneurons, may lead to insights into the origins of rhythmicity.
The membrane currents of motor neurons are sometimes ignored because it is widely held that they are simply passive followers of centrally controlled commands. Exceptions are the motor neurons that control foregut musculature in lobsters, which are themselves part of a central pattern generator (Harris-Warrick et al. 1992) . Nevertheless, it is becoming clear that motor neurons take an active role in shaping neural output onto muscle. For example, vertebrate motor neurons are known to respond to modulatory substances and possess intrinsic membrane conductances that influence excitability (Crone et al. 1988; Hounsgaard and Kiehn 1989; Hounsgaard et al. 1988; Schwindt and Crill 1980) .
The outward currents were specifically chosen for study in heart motor neurons because they are a potential target for modulation. The neuropeptide FMRF-NH2 causes shifts in both the steady-state activation and inactivation curves of potassium currents in heart interneurons (Simon et al. 1992) . Moreover, amplitude and duration of heart contractions are directly correlated with spike frequency and burst duration of heart motor neurons (Maranto and Calabrese 1984) , and outward currents are known to control spike repolarization (Hodgkin and Huxley 1952) , spike frcqucncy, and burst duration (Rudy 1988) .
In this paper we identify four types of outward current in heart motor neurons: a fast transient current, IKA; a slow transient current, /k, ; a noninactivating current, /k7; and a c;Ilciul7~-sC:nsitivc curt-cnt, /K(cli,J. The dynamic and stcadystate characteristics of these outward currents were studied along with their pharmacological sensitivities to the commonly used outward current blockers 4-aminopyridine (4-AP) and tetraethylammonium acetate (TEA). We also found distinct differences among heart motor neurons of different segmental ganglia in the amplitude and kind of outward currents they possess. Heart motor neurons of more posterior segmental ganglia possess relatively larger IK1 and IK2, whereas more anterior heart motor neurons are dominated by kA* Part of this work has appeared previously in an abstract (Opdyke and Calabrese 199 1) .
METHODS

Animals and preparation
Leeches were obtained from Leeches USA and maintained in artificial pond water at 15OC. Animals were anesthetized in ice-cold saline before dissection and removal of individual segmental ganglia for study. Heart motor neurons occur as bilateral pairs in segmental ganglia 3-18. All ganglia were used when studying outward currents in heart motor neurons, but predominantly ganglia 3 -12 were chosen. The heart motor neurons are referenced in a shorthand notation with the acronym HE (heart excitor). The ganglion of origin is indicated in parentheses, e.g., HE (3). Differences were observed in outward currents of heart motor neurons located in different ganglia.
Individual ganglia were pinned ventral side up in petri dishes lined with Sylgard resin (bath volume 0.5 ml). The connective tissue sheath overlying the neuronal cell bodies was removed by cutting with very fine Pascheff-Wolf microscissors.
Solutions,-electrodes, and electronics Ganglia were initially superfused ( 1.5 ml/min) with normal leech saline (Nicholls and Baylor 1968) containing (in mM) 115 NaCl, 4 KCl, 1.8 CaCl*, 10 glucose, and 10 N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid buffer, adjusted to pH 7.4. Equimolar amounts of N-methyl-D-glucamine and Co 2+ replaced Na+ and Ca"', respectively, in zero-Na+, zero-Ca'+ salines, which were used in all experiments except those in which calciumsensitive currents were studied (Fig. 14) . Heart motor neurons were identified by their soma position and characteristic bursting behavior. All experiments were performed at room temperature (23-27°C).
Heart motor neurons were penetrated with borosilicate microelectrodes ( 1 mm OD, 0.75 mm ID) filled with either 4 M potassium acetate and 20 mM KC1 (resistances of 25-35 MO) or 1.8 M TEA, 2 M potassium acetate, and 10 mM KC1 (resistances of 35-50 MO).
Capacitance in the microelectrodes was reduced in two ways: by applying Sylgard (Dow Corning) or dimethylpolysiloxane (Sigma) to the microelectrode tips and by lowering the saline fluid level. Sylgard and dimethylpolysiloxane are hydrophobic compounds that reduced capacitance in two ways: Sylgard increased the microelectrode wall thickness, and both compounds prevented saline from creeping up the microelectrode tip. The microelectrodes were coated with Sylgard by allowing the Sylgard to partially cure and then wrapping the ends of the microclcctrodcs down to within 100 p?M of the tips with the partially cured Sylgard (Laurent I99 I and personal communication).
The microelectrodes were additionally coated with dimcthylpolysiloxane just before insertion in the saline. In all experiments great care was taken to lower the saline level in the recording chamber to a level just above the cell somata, to improve visibility and further reduce electrode capacitance.
An Axoclamp-2A voltage clamp (Axon Instruments) was used in discontinuous-switchil~g single-clcctrodc voltage-clamp (clSEVC) mode. Tn dSEVC, the voltage input to the sample and hold circuit during each cycle was continuously monitored with an oscilloscope to verify the complete electrode settling between current injection cycles. The relatively high resistance of the microelectrodes, which was required to prevent damage to the heart motor neuron cell bodies (30 pm diam) , limited the sampling frequency and feedback gain of the system. Sample rates typically ranged between 3.5 and 6 kHz. Voltage-clamp gain was set between 8 and 25 nA/mV. Output bandwidth was set according to the sample rate being used, 0.3 kHz when the sample rate was <5 kHz and 1 kHz when the sample rate was >5 kHz.
Data were recorded on a VHS video cassette recorder modified for FM recording (Vetter, model 420C) for later playback on paper chart recorders (Gould). In addition, data were routinely digitized, stored, and analyzed on a personal computer (IBM clone) using pClamp software (Axon Instruments).
Step protocol Voltage steps were generated by the voltage clamp and gated by computer. Several seconds were allowed to elapse between voltage steps, ensuring removal of inactivation of the currents under study. In most experiments, leak subtraction was accomplished by using a P/N leak subtraction subpulse routine. The P/N leak subtraction was a feature of the pClamp software, which allowed leak subtraction to be accomplished by the computer as it acquired data. The P subpulses were recorded on the chart paper and any nonlinearities in current could be detected. Early experiments were leak subtracted as previously described (Simon et al. 1991) . The leak voltage steps were thoroughly examined for voltage-activated currents (i.e., inward rectifier and I,, , a hyperpolarization-activated inward current found in heart interneurons; Angstadt and Calabrese 1989) before the routine use of P/N leak subtraction.
Currents were usually filtered with pClamp software (Axon Instruments, Burlingame, CA), which uses a simple RC filter with user-supplied time constants that did not exceed 4 ms. Measurements of time constants were obtained from unfiltered data. A feature of the pClamp software allowed least-squares fits of exponential equations to the data y = A. + A, exp( -the) + A2 exp ( -UT,) or equations with a power function
where A represents current amplitude and Y-represents a time constant. The power of 2 was chosen for Eq. 2 because it best fit the slight delay to activation that was observed for IK2. Two different methods can be applied to make these fits in pClamp, the Simplex and Chebyshev methods. The former method requires a seed value that it derives from the last successful fit attempted (regardless of its relation to the data currently being fit). The fit is relatively insensitive to the seed value chosen. The later method does not require a seed value. Some of the data were fit with both methods and no differences in the results were noted. hyperpolarizing pulse (usually 0.2 nA, but in a few cells this pulse was smaller) was injected using discontinuous current clamp (DCC). In DCC, the voltage was continuously monitored with an oscilloscope to verify the complete electrode settling between current injection cycles. The steady-state voltage deflection at the end of the current pulse was used to calculate the soma input resistance (R) (Fig. IA) .
The voltage traces were fit with the sum of two exponentials (Eq. 1) to determine the elctrotonic length (L) and the soma capacitance (C) (Fig. 1 B) . Rall ( 1969) attributed the first fast "equalizing" time constant to charge moving along the dendritic processes and the second slower time constant to the actual membrane time constant. The measured time constants were used in the equation AND R. L. CALABRESE L = 7r(7()/7-1 -1))""
where 71 is the equalizing time constant and 7. is the membrane time constant, to calculate L. Soma capacitance was estimated according to the equation
where r. and rl are rate constants that are the negative inverses of A> the time constants, and A0 and Al are the amplitudes derived from the first two "peels" of the voltage trace, i.e., fitting Eq. 1 (Ed-
wards and Mulloney 1984). This method estimates the capacitance of the soma compartment, i.e., the capacitance of the region of membrane electrotonically close to the soma. There were no significant differences in the average soma input resistance, electrotonic length, or soma capacitance among HE cells of different ganglionic .origin, thus indicating no significant differences in soma compartment size and passive electrical properties (Fig. 1) 
RESULTS
There are quantitative and qualitative diferences in outward currents in heart motor neurons of diRerent segmental ganglia Quantitative and qualitative differences among the outward currents in heart motor neurons (or HE motor neurons) of different segmental ganglia were discovered. These differences are illustrated in Figs. 2,4, and 5, which show voltageclamp recordings and summary data, respectively, taken from heart motor neurons in ganglia 3, 4, 5, 7, 10, and 12. These heart motor neurons were bathed in Na+-and Ca2+-free saline containing Co 2+, to block inward and Ca2' -sensitive outward currents, and held at -70 mV and stepped to -20, -10 and 0 mV to observe the outward currents elicited. From a holding potential of -70 mV (Fig. 2 , Al, Bl, and Cl ) the HE( 3) motor neuron produced a very noticeable early outward current that appears to have completely inactivated within 400 ms. The HE( 12) motor neuron also possessed a transient outward current, although the time course of inactivation of this transient current is much slower than that observed in the HE( 3) motor neuron. The HE (4) motor neuron had a transient outward current with an exponential time course combining the inactivation time courses of the HE(3) and HE( 12) motor neurons; quick inactivation, then The transient outward currents of the HE( 3) motor neurons comprised very little IKI ; three of the five HE (3) motor neurons had no detectable Zk, (Fig. 4C) . Therefore, when the ratios of the transient currents were calculated ( Fig. 4A) , the arbitrarv value of 50 was assigned for those values that These results suggest that there may be regular segmental variations in the amount and proportions of different outward currents in 1 A heart motor neurons.
Methods were devised for qualitatively differentiating and quantifying outward currents. The trace in Fig. 3A1 , taken from Fig. 2 Bl, 0-mV step [ HE( 4) motor neuron], illustrates these methods. The portion of the outward current at the end of the step that did not inactivate (even during 4-s steps, see Fig. 14) was labeled IK2 (Fig. 3AI ) . IK2 was subtracted from the transient currents so that they could be quantified. Two currents were assumed to exist in the transient portion of the current because the best fit of the inactivation of the current in Fig. 3A1 (Fig. 3A2 , vertical line) was a sum of two exponentials with time constants of 33 and 363 ms (see Eq. 1). These transient currents were labeled IKA and IK1 and all subsequent reference to these currents implies the use of this measure.
The transient current at 200 ms was taken as a measure of IKI . This assumption seemed valid because the fast transient current IKA never exhibited a time constant of inactivation >65 ms ( see Fig. 5 ) . Therefore IKA would have decayed through more than three time constants by the time 200 ms had elapsed, and thus <5% of IKA would be present, assuming the slowest decay of IKA observed. IKA could not be fully Currents elicited by voltage steps to -10 mV from a holding potential of -70 mV in each of 5 heart motor neurons from ganglia 3, 4, 5, 7, 10, and 12. Bars in each panel: mean values of 5 current measurements (measurements taken as illustrated in Fig. 3 ). Error bars: mean + 1 SE. Asterisks: significant differences between the HE( 3) motor neurons and other HE motor neurons (ANOVA, P < 0.05 with multiple comparisons; Fisher's PLSD test, P < 0.05 ) . Table 1 indicates all multiple comparisons from the ANOVA and significant differences. fW31, HE@) P < 0.0001 P < 0.046 HW), HW'O P < 0.0001 P < 0.040 P < 0.014 P < 0.012 HE(3), HE ( 10) P < 0.0001 P < 0.023 P < 0.008 HE(3), HE ( 12) P < 0.0001 P < 0.002 P < 0.029 HJW), HEW HJW, HJW) P < 0.046 P < 0.011 HE(4), HE( 10) P < 0.007 HE(4), HE ( 12) P < 0.008 P < 0.026 HEOh HE (7) HE (5) otherwise would be undefined. The value of 50 was slightly above 48, the highest calculated ratio of the transient currents. This current ratio, although it is not direct measure of IKAI IK1, was used as a coarse measure of how the relative currents measured in heart motor neurons at 20 and 200 ms differed with respect to HE cell position along the nerve cord. Heart motor neurons in anterior segments exhibited larger current ratios; for the HE ( 3 ) cells, this ratio was significantly larger than for all the other HE cells tested (Fig. 4A) (Table  1 ) (ANOVA, P < 0.001 with multiple comparisons; Fisher's PLSD test, P < 0.001) . Larger current ratios in heart motor neurons from more anterior ganglia could be due to a smaller IK1, a larger IKA, or a combination of both. To assess these possibilities, current measurements made at 20 ms ( Fig. 4B ) and 200 ms (Fig. 4C) were plotted in separate panels and compared. ANOVA with multiple comparisons, Fisher's PLSD test, was used to assess differences. For example, a significantly larger mean current was measured at 20 ms in HE ( 5 ) and HE (7) motor neurons as compared with HE( 3) motor neurons ( Fig. 4B) (Table 1 ). Because at 20 ms the current measured is a mixture of IKA and Ik, , these differences could be due to differences in IKA, IK1, or both. Also, a significantly larger mean IK1 was measured in HW7), HWW, and HE( 12) motor neurons as compared with HE (3) motor neurons ( Fig. 4C) (Table 1) . Therefore it appears that the difference in ratios of transient currents is due in part to larger I k1 in heart motor neurons from more posterior ganglia.
The noninactivating outward current also varied among HE motor neurons of different segmental ganglia. IKz is significantly larger in HE(7), HE( lo), and HE( 12) motor neurons as compared with HE (3) motor neurons (Fig. 4 D) ( Table 1 ).
The differences in mean currents that occur in the bar graphs of Fig. 4 are a reflection of the differences in the current records shown in Fig. 2 . Table 1 shows all pairwise comparisons that emerged from the ANOVA and indicates the significant differences and their P values. Notice that there are significant differences between IK1 and IKz measured in HE( 4) neurons and heart motor neurons in more posterior ganglia in addition to those mentioned for HE (3).
Similar measurements with the same HE cells were performed from a holding potential of -40 mV with similar results (data not shown). The currents measured at either 20 or 200 ms from a holding potential of -40 mV in heart motor neurons from any segment are smaller in comparison with the same currents measured from a holding potential of -70 mV; steady-state inactivation of &A and IK1 (MO%) can account for the smaller currents. Unlike the other outward currents, IKz did not appear to undergo any steady-state inactivation when the holding potential was changed from -70 to -40 mV.
Two time constants of inactivation were detectable in outward currents of heart motor neurons located in anterior segments
The inactivation of transient currents at a step potential of 0 mV ( -70 mV holding potential) from the same HE( 3), HE( 4)) and HE( 12) motor neurons used in Fig. 4 were fit with either one or two exponentials (whichever fit best) and the time constants were obtained. Figure 5 shows the graphs of the mean time constants. The transient currents from the HE( 4) motor neurons were best fit by two exponentials with average time constants of 45 and 274 ms, respectively. The transient currents from four of the five HE( 12) motor neurons were best fit by one exponential with a slow time constant, whereas the fifth was best fit by two exponentials. The 400 c 0 300 .-9 .-n Gc" a E *ml c-. average of the lon .g time constants was 321 ms 1. The current from the H E( 12) motor neuron best fit by two exponentials is illustrated in Fig. 2CI (top trace); the fast inactivation time constant was 54 ms. The transient currents from four of the five HE( 3) motor neurons were best fit by one exponential with a fast time constant, whereas the fifth was best fit by two exponentials. The average of the fast time constants was 37 ms. A time constant of 242 ms was found for the longer of the two time constants observed in the HE( 3) motor neuron that was best fit by two exponentials. The observation that only one of five HE (3) motor neurons had outward currents that showed a slow inactivation time constant indicates that IK1 was small or nonexistent in the anterior heart motor neurons. Conversely, the fact that only one of five transient currents in HE( 12) motor neurons showed a fast inactivation time constant indicates that IKA was small or nonexistent in those cells. The slow inactivation time constant measured from currents in HE( 3) and HE( 4) motor neurons was significantly different from the fast inactivation time constant found in HE( 4) and HE( 12) motor neurons. The slow inactivation time constant taken from HE( 4) motor neurons was not significantly different from the slow time constant obtained from HE ( 12) 
. The solid inactivation curve was plotted according to the following Boltzmann-type equation:
The normalized values are plotted as means + SE (n = 6). All conductances were calculated assuming a potassium reversal potential of -65 mV. Maximum conductances of ZKA measured for steps to 0 mV were in the range of 80-95 nS. V,, membrane potential.
Steady-state and kinetic parameters of IKA HE( 3) motor neurons, most of which apparently possess little or no I kl, proved valuable because they were used to determine the steady-state and kinetic properties of IKA without necessitating use of either a subtraction procedure (Simon et al. 1992) or pharmacological blockade (Thompson 1977) (Fig. 6) . Steady-state activation values for IKA were determined only in HE (3) motor neurons that possessed little or no IK1 as determined by their possession of only one time constant of inactivation. The HE( 3) motor neurons were held at -70 mV and stepped for 1.6 s to a range of test potentials (Fig. 6A) . IKA was measured by subtracting the current at the end of the voltage step as described in Fig.  3 , and measuring the peak value of the transient portion. Steady-state inactivation values for IKA were determined by maintaining cells at various holding potentials for 2 s and then stepping to 0 mV to fully activate any available IE(A (Fig. 6B) . The normalized conductance and current values from HE( 3) motor neurons using the protocols outlined above (Fig. 6, A and B) were collected and averaged to produce the steady-state activation and inactivation curves plotted in Fig. 6C . Driving force was calculated on the basis of a K+ reversal potential of -65 mV (this value was chosen because the slower currents, lkl and 1k2, reversed near -65 mV; see Fig. 12 ). Figure 6 , A and B, shows representative families of activation and inactivation data taken only from HE( 3) cells. lkA first activated at -40 mV and was inactivated completely at -20 mV.
Inactivation time constants for lkA, taken from a representative HE ( 3) motor neuron, were only slightly voltage dependent and varied between 36 and 50 ms. Activation time constants could not be obtained because of the speed limitations of the single-electrode voltage clamp; therefore the time to peak current was measured instead. The time to peak values were only slightly voltage dependent and varied between 9 and 16 ms. Steady-state and kinetic parameters for IKI and IK2 Steady-state activation values for Ik, were determined in heart motor neurons taken from posterior segments so as to minimize the presence of IKA. These heart motor neurons were held at -80 mV and then stepped for 800 ms to a range of test depolarizations (Fig. 7A) . IK1 was measured as described in Fig. 3 . Steady-state inactivation values for lkl were determined by maintaining the heart motor neurons at various holding potentials for 2 s and then stepping to +20 mV to fully activate any available IK1 (Fig. 7B) . The conductance (driving force was calculated on the basis of a K+ reversal potential of -65 mV, see Fig. 12 ) and current values using the protocols of Removal of inactivation of IKA and ZK1 . Al : for measurements of removal of inactivation of IKA , an HE ( 3 ) motor neuron was held at -80 mV and stepped to -20 mV in each of 2 successive pulses (a pretest and test pulse). The prepulse duration was 500 ms and the test pulse duration was 150 ms. The pretest and test pulses were separated by 15 ms in the initial double pulse and then by increments of 10 ms for the remainder of the pulse pairs. A2: peak test pulse was divided by the peak prepulse current. Values were plotted as means t SE for each time interval [ y1 = 3, HE ( 3 ) and HE ( 8 ) cells; the 1 HE ( 8) cell was unusual and contained little or no IK1 1. Bl : for measurements of removal of inactivation of ZK1, a posterior heart motor neuron was held at -40 mV and stepped to 0 mV in each of 2 successive pulses (a pretest and test pulse). The prepulse duration was 600 ms and the test pulse duration was 150 ms. The pretest and test pulses were separated by 15 ms in the initial double pulse and then by increments of 75 ms for the remainder of the pulse pairs. Bl : peak test pulse was divided by the peak prepulse current. Values were plotted as means + SE for each time interval [n = 3, HE (7)) HE (9)) and HE ( 10) -exp ( -t/7,,,) ] and the derived time constants are shown on the graphs. vated at -40 mV and nearly completely inactivated by -25 mV. Figure 7 , A and B, shows representative families of activation and inactivation data taken from HE (9) and HE( 13) motor neurons.
The steady-state activation values for IK2 were determined by holding heart motor neurons at -70 mV and stepping for 800 ms to a range of test depolarizations (Fig. 7A) . The conductance (currents were measured at the ends of the voltage steps and driving force was calculated on the basis of a K+ reversal potential of -65 mV, see Fig. 12 ) values using the protocol of Fig. 7A were collected and averaged to produce the plot of Fig. 8B . This plot shows the relation between the maximal conductance activated for IK2 and the activating potential. IK2 began to activate around -50 mV. This current was not found to undergo steady-state inactivation from -70 through 0 mV.
Removal of inactivation
The time needed to remove inactivation for both IKA and IK1 was investigated next (Fig. 9) . The time constant for removal of inactivation (J-,~) for both lkA and lkl was determined by administering a voltage prepulse followed by a voltage test pulse; the inter-pulse interval was increased in each successive trial (Fig. 9, Al and B1 ) . Peak current after the test pulse (I) was divided by the peak current of the prepulse (&,,) and plotted versus the interpulse episode (Fig.  9, A2 and B2) . The average values from three such experiments were plotted and fitted by the equation IlIp,, = [lexp( -threm)] (Fig. 9, A2 and B2, solid line). The time constants for removal of inactivation were 25 ms for lK~ and 380 ms for lkl.
Inactivation
time constants for lkl taken from a repre-TEA and 4-AP block outward currents sentative posterior heart motor neuron were voltage dependent and varied between 125 ms at -10 mV and 270
External TEA blocked lkl (measured at 200 ms as in Fig.  ms at 0 mV. The activation time constants were esti-3) and the current measured at 20 ms (a mix of both lkA mated by fitting a power function to the activating curand lkl ; see Fig. 3 ) but not 1k2 in heart motor neurons taken rent (see Eq. 2). The activation time constants were not from predominantly posterior ganglia that have little or no voltage dependent above -30 mV and maintained a lkA. Figure 10AI shows the currents elicited in an HE( 12) value of -9 ms. motor neuron from a holding potential of -40 mV. The same AND R. L. CALABRESE (7), and HE (12) cells]. Bl: reduction of all outward currents by internal TEA. Top : HE (7) cell was stepped from a holding potential of -40 mV to step potentials of -30, -20, -10, and 0 mV. Bottom:
HE ( 7) cell (different from traces in Bl, top) that was impaled with a TEA electrode and stepped through the same potentials as in A. B2: I-V curve for current measured at 800 ms (I& from a holding potential of -40 mV with [ 0; y1 = 5 HE ( 9) (14), and HE(17) cells, n = 3 at 10 mV] TEA in the microelectrode. All points in A2 and B2 are means + SE.
figure also shows the motor neuron 10 min after superfusion of the ganglia with saline that contained 25 mM TEA. There was an obvious diminution of all currents measured at 20 ms, with the transient currents affected most significantly (Fig. lOA1, bottom traces) . However, IK2 was less affected by external application of TEA at any of the step potentials [ Fig. lOA2 , normalized current-voltage (I-V) curve, current measured at the end of the voltage step for 4 heart motor neurons]. Similar plots of IKI (measured at 200 ms) and the current measured at 20 ms (a mix of both IKA and IK1) were not included in the I-V curve because of almost total block at all step potentials.
Internal TEA blocked IK1 and IK2 and the current measured at 20 ms. Fig. 1OBl shows the currents elicited from a holding potential of -40 mV in two different HE (7) motor neurons. Again, currents were measured as described in Fig. 3 . The block with internal TEA appeared to be more efficacious than that with external TEA; a large proportion of lkZ was blocked along with almost complete block of IK1 and current measured at 20 ms. The block of IK2 at all step potentials is shown in the I-V curve in Fig. lOB2 for five heart motor neurons. Similar plots of I k1 and current at 20 ms were not included because of the almost total block of these two currents at all step potentials.
4-AP, ex ternally applied , blocked n early all the transient currents but did not affect &2. Figure 1 IA shows the outward currents elicited from a holding potential of -70 mV in an HE( 5) motor neuron. Figure 11 B shows the same HE ( 5 ) motor neuron 2 min after superfusion of the ganglia with saline that contained 5 mM 4-AP. The I-V curve in Fig. 11 C shows the block of IK1 and the current measured at 20 ms for five heart motor neurons (taken from both anterior and posterior locations; see legend to Fig. 11 ). Nearly 75% of IK1 (measured at 200 ms) and over 80% of the current measured at 20 ms was blocked at a step potential of 0 mV. None of the IKZ at any potential was blocked (see Fig. 11B ).
Outward tail currents reverse at -65 mV Tail currents of heart motor neurons from posterior segments were analyzed to determine the reversal potential of the outward currents (predominantly IK1 and I&. Heart motor neurons (n = 6) were held at -40 mV and stepped to 0 mV for 80 ms to produce maximal activation of the outward currents. The heart motor neurons were then stepped to various hyperpolarized potentials and the deactivating currents were measured (Fig. 12A1) . Tail currents were measured only after stable voltage control was reached and after capacitative currents had subsided ( -15 ms) . An average reversal potential of -65 mV was obtained for tail currents from six heart motor neurons (Fig. 12A2) . This value was comparable with an extrapolated value of between -55 and -65 mV found for outward currents both in the heart interneurons (Simon et al. 1992 ) and Retzius cells of Macrobdella decora (Johansen and Kleinhaus 1986).
I K(W When normal saline was switched for a saline in which co2+ was substituted for Ca2+, action potentials became larger in amplitude and broader, with a less pronounced undershoot (Fig. 13) . These changes indicated a decrease in outward current and suggest the presence of a Ca2'-activated outward current (Meech and Standen 1975) . Therefore outward currents in heart motor neurons from both anterior and posterior segments in the presence andabsence of Ca2' were compared (Fig. 14) . The outward currents were enhanced in the presence of 1.8 mM Ca2' as compared with saline containing zero Ca2+, 1.8 mM Co2' (Fig. 14, A and B ) . When these currents were subtracted as shown in Fig. 14C , the portion of outward currents that was activated by Ca2+ entry (IK(caI) was determined. However, these currents are an underestimate of I KWa) because of contamination of the outward currents by Ca2' currents (Fig. 14) . Figure 140 is an I-V curve for peak Ik(ca) that shows its voltage dependence.
DISCUSSION
Four distinct outward currents were identified in heart motor neurons: a fast transient current, IKA; a slow transient current, IK1 ; a noninactivating current, &2; and a calciumactivated outward current, IK(ca). Externally applied TEA blocked both IKA and IK1, whereas internal TEA blocked IkA, &I, and &2. 4-AP blocked both &A and IKI. Tail currents of IK1 and &2 reversed at -65 mV. Additionally, the relative amounts of IKI and &2 were shown to differ among heart motor neurons found in different segments.
Ionic basis of outward currents
The outward currents observed here are likely to be potassium currents for several reasons. First, the known potassium channel blockers (Hille 1992) TEA and 4-AP blocked large fractions of &, IK1, and 1k2. Second, the outward currents reverse at the relatively hyperpolarized potential of -65 mV. Third, the outward currents show kinetics similar to many other well-described potassium currents (Rudy 1988).
Space clamp and voltage control in heart motor neurons When neurons are voltage clamped with intrasomatic electrodes in situ, the problem of whether adequate space clamp has been achieved always arises. The average electrotonic length from 42 heart motor neurons tested was <2; any value <2 suggests that the heart motor neurons are electrically compact (Rall 1969) . Moreover, Nicholls and Wallace ( 1978) found that Cl --mediated inhibitory postsynaptic potentials, which are thought to originate in the distal tips of the heart motor neuron dendrites (Tolbert and Calabrese 1985) , are easily reversed by current injection at the heart motor neuron soma. Thus the passive properties of HE motor neurons are such that reasonable space clamp might be expected.
When voltage-gated currents are elicited, however, membrane conductance increases so dramatically that the passive properties of neurons are not adequate indicators of the electrotonic properties of the neuron under voltage clamp. Experimental and theoretical findings indicate, however, that for invertebrate motor neurons (monopolar with a significant length of unbranched primary neurite) space clamp may not present a problem for outward currents that are uniformly distributed in soma, neurite, and dendrites at a high conductance density (Hartline et al. 1993) . Under these conditions, the large conductance increase in the primary neurite, associated with depolarizing voltage steps in the soma, electrotonitally uncouples the rest of the neuron from the soma. Thus, in motor neurons from the stomatogastric ganglion of the spiny lobster, outward currents measured from the neurons in situ and from the same neurons after soma isolation by neurite ligation are essentially the same. These conditions apply to HE motor neurons at least to a limited extent. 1) The HE motor neurons taper from a large soma (30 pm diam) to a narrow (5 pm diam) unbranched neurite (there are numerous fine dendrites < 1 ,um diam emerging from this neurite but not for 250-70 pm) (Tolbert and Calabrese 1985) . 2) The outward currents are large and associated with large conductance changes. For example, normalizing the resting conductance and maximal outward current conductance measured in our experiments to the soma capacitance, then JKA, IK1, and IK2 all have conductance densities of -50 ,QS/~F compared with a resting conductance of 5 @lpF. In the analysis of Hartline et al. ( 1993) , this conductance density is too low to significantly reduce the contribution of dendritic currents to outward currents measured in the soma, but in leech HE motor neurons the dendrites are so fine ( < 1 pm) compared with the dendrites of lobster stomatogastric motor neurons (3.7 pm) that they can be expected to contribute much less current. 3) It is not possible to determine the distribution of outward currents throughout HE motor neurons, but it is perhaps not unreasonable to ( 12) cell in normal saline was current clamped at -43 mV and a pulse of current injected into the cell to elicit a spike. Middle : same HE( 12) cell was superfused with 115mM-Na+, 0-Ca2+, 1X-mM-Co2+ saline and a spike was elicited in the same manner as in A. CM, current monitor. assume that they are uniform. These considerations suggest that the soma currents we have measured represent true soma currents or currents from the soma and a length of primary neurite ( "soma compartment," Edwards and Mulloney 1984) and are only sparingly contaminated by contributions from the dendrites.
Voltage control was more than adequate for studying the outward currents. However, to reduce error in computing peak current values and activation time constants produced in the first 20 ms of large step depolarizations, we restricted the largest step depolarization to 0 mV and only stepped to higher potentials when outward currents were partially blocked by either TEA or 4-AP ( see Figs. 10 and 11) .
The voltage control attained in the heart motor neurons was better than the voltage control achieved for outward current in heart interneurons (Simon et al. 1992) . Better control was possible for two reasons. First, the electrodes were lo-15 MS2 less resistive than in the previous study. Second, the electrodes were coated with Sylgard, which lowered the transmural capacitance. The lower resistance of the electrodes and the thick coating near their tips combined to lower the electrode time constant and allowed them to pass more current (i.e., use a higher clamp gain) and sample at higher rates during voltage clamping than those electrodes used previously in heart interneurons (Simon et al. 1992) . Differences in outward currents among heart motor neurons from diflerent segmental ganglia suggest possible diflerences in function of motor neurons No differences in size (based on soma capacitance measurements) or passive membrane properties (based on input resistance and electrotonic length measurements) were found among 42 heart motor neurons tested (see Fig. 1) ; however,. quantitative differences ( see Figs. 2, 4, and 5) were found in the mix of outward currents ( IKA, IK1, I& recorded in heart motor neurons from different segments. This warrants the question: what significance does this difference in outward currents have on the functional properties of these motor neurons? In every segment, heart motor neurons entrain and modulate the myogenic rhythm of the hearts (Li and Calabrese 1987; Maranto and Calabrese 1984) . Differences in outward currents shown in this study may express themselves as differences in spike frequency or time to firing after release from inhibition. One might expect that those heart motor neurons that possess less IKI and 1k2 to show an increased spike frequency [ i.e., HE ( 3 ) ] , due to a decreased brake on excitability. It also follows that increased spike frequency would result in more spikes per burst and presumably a stronger synaptic transmission at the hearts and a greater release of transmitters at the hearts. Such predicted differences were not examined in this study. Additionally, it has been reported that differences in spike frequency may be associated with differential release of cotransmitters at neuromuscular synapses in Aplysia (Whim and Lloyd 1989) . It is known that heart motor neurons probably use acetylcholine (Calabrese and Maranto 1986; Wallace 198 1; Wallace and Gillon 1982) , FMRF-NH2, and other related peptides as neurotransmitters (Evans et al. 1991; Kuhlman et al. 1985; Li and Calabrese 1987) . Therefore, with at least two transmitters present and the possibility that spike frequency in the heart motor neurons may control their differential release, subtle differences in ionic mechanisms controlling spike frequency could become important.
Predicting changes in total membrane excitability from quantitative and qualitative differences in voltage-clamp data from one or two types of current such as those demonstrated in this paper is difficult, because all of the currents in the neuron behave in a dynamic manner and interact through changes in membrane voltage over time. A better approach is the analysis of neurons in which all of the quantitative data of the identified currents can be incorporated into a model of the electrical properties. One way this can be achieved is to make the currents and conductances functions of time and membrane voltage, as Hodgkin and Huxley ( 1952) first accomplished forty years ago. This approach has been taken recently in the modeling of a neuron from the stomatogastric ganglion of the crab (Golowasch and Marder 1992) and of the heart interneurons of the medicinal leech (Calabrese and De Schutter 1992; Nadim et al. 1995; Olsen et al. 1995) .
One drawback of the above approach is the large amount of quantitative data needed to make the model a success. An alternative approach would be to ablate currents selectively using pharmacological blockers. In the pyloric circuit of the lobster stomatogastric ganglion the role of IKA was assessed by bath-applying 4-AP to the ganglion (Tierney and Harris-Warrick 1992) and observing the differences in pyloric rhythms. This approach would not be feasible in heart motor neurons for several reasons. A bath-applied current blocker would affect the heart interneurons, thus complicating interpretations. Also, the blockers we tried affected more than one outward current. 4-AP and externally applied ward currents in the heart motor neurons as in the heart TEA blocked both I KA and IK1, and internal TEA blocked interneurons. A comparison with outward currents in other all outward currents. Besides, the pharmacological effects leech neurons can be found in Simon et al. ( 1992) . of these blockers was not tested on IK(Ca). The function of I KWa) would be expected to overlap that of II (1 and &2 (see  below) .
Additionally, a block of any one current would Four potassium channel types may exist in heart motor affect all of the other time-and voltage-dependent currents neurons making interpretation of such an experiment difficult. Therefore no easy interpretations could be drawn by using blockers to assay differences in function. Alternatively, a relatively new method of adding or subtracting currents electronically through intracellular electrodes, called the dynamic clamp (Sharp et al. 1993a,b) , could be used to selective1 .y add or delete currents experimentally. This has been successfully accomplished in the stomatogastric nervous system of crabs, where the dynamic clamp was used to add electronically voltage-gated currents to single neurons that are normally modulated by the peptide proctolin and to assess the effects on neuronal and network activity.
Comparison of outward interneurons
currents with those in heart vation curves for the other outward currents, IK, however, The outward currents in heart interneurons are different in several respects from the outward currents described here. are difficult to compare because the analysis of outward Both the steady-state activation and inactivation curves for 1kA in heart motor neurons are shifted to the right ( +5 and + 10 mV, respectively) as compared with the curves found for heart interneurons. The steady-state activation and inactiOur analysis of outward cucents present in heart motor neurons suggests that there are at least four different potassium channel types responsible for the currents. The presence of a distinct IK(ca) indicates one channel type. Heart motor neurons may possess potassium channel subtypes that are responsible for their current identities, such as those first identified in Drosophila; Shaker, Shal, and Shaw (Salkoff et al. 1992) . The fast inactivation of Shaker channels produces currents similar to I KA, the slower inactivation of Shal channels produces currents similar to IK1, and the noninactivating properties of the Shaw channels produce currents similar to I K2* These potassium channel subclasses are conserved in such diverse phyla as Mollusca, Arthropoda, and Chordata (Salkoff et al. 1992) . To date, these channel subclasses have not been cloned from the Annelid phylum. However, the conservation of potassium channel subclasses among phyla suggests that the genes coding for these subclasses are ancient and that they are probably conserved in the phylum Annelida as well. Address reprint requests to R. L. Calabrese. currents in heart interneurons was not as detailed as the present one (Simon et al. 1992) . For example, the steady-REFERENCES state inactivation curve for IK shows that 30% of the current remains at 0 mV. However, that 30% is probably due to a noninactivating portion of the outward current similar to the 1k2 found here. When the model of the outward currents in heart interneurons was constructed, a noninactivating portion of the current was inferred because it was needed for a Hodgkin-Huxley type model to behave correctly (see Fig.  12 , Simon et al. 1992) .
One major difference between the outward currents in heart interneurons and heart motor neurons is the presence of a definite calcium-activated outward current in the heart motor neurons. Functionally, this current may be most important in spike repolarization, because blockade of Ca2' entry into the heart motor neurons broadens action potentials and-decreases their undershoots (see Fig. 11 ). Blockade of Ca2+ entry into heart interneurons did not comparably effect action potentials (unpublished observation).
The sensitivity of outward currents in heart interneurons and heart motor neurons to blockers can also be compared. External TEA was ineffective at blocking outward currents in heart interneurons but effective in blocking outward currents in heart motor neurons. This suggests that external TEA has restricted access to the potassium channels in heart interneurons. Internal TEA was equally effective at blocking both outward currents in both ccl 1 types. External 4-AP also appeared to be equally effective in blocking transient out-
